Abstract. Sorafenib is a systemic chemotherapeutic agent for advanced hepatocellular carcinoma (HCC). The aim of the present study was to evaluate the anticancer effect of sorafenib in cancer stem cell-like cells, such as side population (SP) cells, in HCC and to analyze the signaling pathway for drug-resistance. To evaluate the anticancer effects of sorafenib, Huh7 and Huh-BAT cells were treated with sorafenib, fluorouracil (5-FU), and sorafenib plus 5-FU. These cells were examined for growth rates, the SP fraction, sphere-forming efficacy and expression of c-Jun N-terminal kinase (JNK) signaling molecules. Sorafenib and 5-FU treatment decreased growth rates in Huh7 and Huh-BAT cells; however, the treatments exerted different effects in SP cells and on the expression levels of JNK signaling molecules. Treatment with 5-FU increased the SP cell number and upregulated the expression of JNK signaling molecules. By contrast, sorafenib decreased the SP cell number and downregulated the expression of JNK signaling molecules. No significant differences in sphere-forming efficacy were observed subsequent to 5-FU and sorafenib treatment in Huh7 and Huh-BAT cells. These results indicate that sorafenib exerted anticancer effects in HCC and SP cells by targeting JNK signaling.
Introduction
Hepatocellular carcinoma (HCC) has one of the highest mortality rates worldwide (1) . HCC characteristics, such as strong resistance to anticancer drugs, local metastasis and heterogeneity, lead to complications in the effective treatment of HCC. Although multiple clinical trials to treat HCC through systemic chemotherapy have been conducted, all treatments from Phase 3 clinical trials were unsuccessful, with the exception of sorafenib (2) ; however, it is not curative or approved by the US Food and Drug Administration (3) . Sorafenib is a multiple kinase inhibitor, which blocks various signaling pathways involved in the proliferation of cancer cells (4) via the inhibition of multiple kinases, including mitogen-activated protein kinase (5) , extracellular signal-regulated kinase (6) , vascular endothelial growth factor receptor (7) and platelet-derived growth factor receptor (8) .
Regarding the anticancer effects of combination therapy with sorafenib, it was reported that treatment with a combination of sorafenib, cisplatin and fluorouracil (5-FU) increased survival rates for metastatic nasopharyngeal carcinoma (9) . In HCC, Petrini et al (10) reported that treatment with a combination of sorafenib and 5-FU improved the efficacy of systemic treatment in advanced HCC without side effects.
Cancer stem cells are known as tumor initiating cells (11) or anticancer drug-resistant cells (12) . In HCC treatment, cancer stem cells are not easily eradicated due to their drug resistance and proliferative activity (13) (14) (15) . HCC cancer stem cells that are resistant to chemotherapy positively express cluster of differentiation (CD)90, CD133 and ATP-binding cassette sub-family G member 2 (ABCG2) (16) . Notably, ABCG2 expression was upregulated in HCC cells to remove the anticancer therapeutic agents from the cancer stem cells following treatment and was highly expressed in HCC tissues when compared with normal tissues (17) . In addition, cancer stem cells induced c-Jun N-terminal kinase (JNK) and Wnt signaling interactions promoting their survival and proliferation in a model of colorectal carcinogenesis (18) . In addition, Mucha et al (19) reported that JNK signaling was associated with TNF-related apoptosis-inducing ligand-induced cell death and resistance to apoptosis in HCC cells.
To date, to the best of our knowledge, there is a lack of studies regarding the anticancer effects of sorafenib-based combination therapies on cancer stem cells in HCC, particularly focusing on ABCG2 and JNK signaling in side population (SP) cells. In the present study, the anticancer effect of sorafenib was observed, with a focus on suppression of tumor initiating ability and drug-resistance in cancer stem cells. Specifically, growth rates in a fraction of SP cells, the expression of cancer stem cell markers, the efficacy of sphere-forming cells, and the 
Materials and methods
Cell culture. Huh7 and Huh-BAT cells (Korean Cell Line Bank, Seoul, Korea) were cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco Life Technologies, Carlsbad, CA, USA) containing 10% fetal bovine serum (FBS; Gibco Life Technologies). For adherent cultures, 5x10 5 cells were seeded on tissue culture dishes (Falcon, San Jose, CA, USA). All cultures were maintained at 37˚C in a humidified 5% CO 2 atmosphere.
Growth rate following 5-FU and sorafenib treatment. Cells (5x10 5 cells) were seeded in DMEM containing 10% FBS. After 24 h, the cells were washed twice with phosphate-buffered saline (PBS) and fresh media was added. Cells were treated for 72 h with distilled water (control), 100 nM, 1 or 10 µM 5-FU (Sigma-Aldrich, St. Louis, MO, USA) or 100 nM, 1 or 5 µM of sorafenib (LC Laboratories, Woburn, MA, USA). Growth rates were estimated by the number of viable cells counted by positive staining with 0.4% trypan blue dye (Gibco Life Technologies) in a Neubauer chamber (Marienfeld-Superior, Lauda-Königshofen, Germany) with an inverted microscope (IX51; Olympus Corporation, Tokyo, Japan) equipped with a DP50 camera system (Olympus Corporation) at 72 h time points. Selected cells treated with 1 µM 5-FU or 5 µM sorafenib were used to observe cell death, the cell cycle, SP cells, stem cell markers (CD44, CD24 and CD133), and JNK signaling molecules subsequent to treatment with these therapeutic agents.
Sphere-formation assay. Cells (1,000 per well) were seeded on Poly-HEMA-coated 96-well plates (Sigma-Aldrich) in DMEM containing 10% FBS. Cells were incubated for seven days with dimethyl sulfoxide (DMSO; Sigma-Aldrich; control), 1 µM 5-FU, 3 µM sorafenib or 1 µM 5-FU plus 3 µM sorafenib. The number of spheres in each well was counted after seven days.
SP cell analyses. Cells (5x10
5 cells) were seeded in DMEM containing 10% FBS. After 24 h, the cells were washed twice with PBS and fresh media was added. Cells were treated for 72 h with distilled water (control), 1 µM 5-FU or 5 µM sorafenib. SP cell analyses were performed as reported previously (20) . Cells were detached and collected in the form of cell pellets. To analyze the SP fraction, 1x10 6 cells/ml were incubated for 90 min at 37˚C before vortexing at maximum speed with Hoechst 33342 dye (5 µg/ml; Sigma-Aldrich) in DMEM containing 10% FBS. The cells were also incubated with Hoechst dye and 50-100 µM verapamil (Sigma-Aldrich), an efflux blocker, to confirm the SP cell population. At the end A B of the incubation, these cells were centrifuged at 80 x g and 4˚C for 3 min and collected for analysis of the SP fraction. Propidium iodide (1 µg/ml; Sigma-Aldrich) was added before fluorescence-activated cell sorting (FACS) analysis to identify and exclude the dead cells. Samples were analyzed using a FACSAria™ II (BD Biosciences, Franklin Lakes, NJ, USA).
Immunoblotting. Cells (5x10 5 cells) were seeded in DMEM containing 10% FBS. After 24 h, the cells were washed twice with PBS and fresh media was added. Cells were treated for 72 h with distilled water (control), 1 µM 5-FU or 5 µM sorafenib. Total cell lysates were prepared in 100 µl lysis buffer (Cell Signaling Technology, Inc., Danvers, MA, USA). Protein concentrations were measured using a Bio-Rad Protein Assay kit (Bio-Rad Laboratories Inc., Hercules, CA, USA). Equal quantities of cell lysates were separated using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Bio-Rad Laboratories, Inc.) and proteins were electrotransferred to Hybond-ECL nitrocellulose membranes (GE Healthcare Life Sciences, Chalfont, UK). Blots were blocked for 1 h with blocking buffer (5% skim milk) and incubated overnight at 4˚C with anti-ABCG2 mouse monoclonal antibodies Statistical analyses. At least three replicate experiments were performed for all analyses. Data were expressed as the mean ± standard error. Student's t-tests were applied to compare the results of the treated and control cells. P<0.05 was considered to indicate a statistically significant difference.
Results

5-FU and sorafenib treatment decreases Huh7 and Huh-BAT cell growth rate.
To observe the effect of 5-FU and sorafenib treatment on growth rates in Huh7 and Huh-BAT cells after 72 h, cells were treated with various concentrations of 5-FU and sorafenib, as indicated in Fig. 1A and B. Growth rates of Huh7 and Huh-BAT cells were reduced by 5-FU or sorafenib treatment in a dose-dependent manner ( Fig. 1A and B ; left and middle panel). Based on these results, 1 µM 5-FU and 5 µM sorafenib were selected to observe the synergistic anticancer growth rate effects in the Huh7 and Huh-BAT cells. The cells were treated with 1 µM 5-FU, 5 µM sorafenib or 1 µM 5-FU plus 5 µM sorafenib for 72 h. However, a synergistic anticancer effect on growth rates resulting from treatment with 1 µM 5-FU plus 5 µM sorafenib treatment was not observed in the cells ( Fig. 1A and B; right panel) .
Sorafenib decreases and 5-FU increases the number of SP cells.
To determine the effect of 5-FU and sorafenib treatment against cancer stem cells induced from Huh7 and Huh-BAT cells, SP cells were analyzed using Hoechst dye staining followed by flow cytometry. Sorafenib reduced the number of SP cells, whereas 5-FU significantly increased SP cell number (Fig. 2) . Furthermore, sorafenib plus 5-FU treatment blocked the 5-FU-mediated increase in SP cell number (Fig. 2 ). These results demonstrate that sorafenib may reduce growth rates by targeting cancer stem cells.
5-FU and sorafenib decrease the number of Huh7 and
Huh-BAT sphere-forming cells. Sphere-forming cells have been proposed as a model for investigating cancer stem cells (21) . It was observed that SP cell number was decreased following sorafenib treatment and increased following 5-FU treatment. To confirm the effect of these therapeutic agents against SP cells, sphere-forming cells were observed following 5-FU and sorafenib treatment in Huh7 and Huh-BAT cells.
The number of sphere-forming cells decreased subsequent to 5-FU and sorafenib treatment compared with the controls (Fig. 3A and B) . No significant differences were identified in the 5-FU, sorafenib or 5-FU plus sorafenib treatment groups in Huh7 cells (Fig. 3A) . However, a difference was observed between Huh7 and Huh-BAT cells in the sphere-forming assay.
The number of sphere-forming cells decreased following 5-FU plus sorafenib treatment compared with 5-FU and sorafenib treatments alone in the Huh-BAT cells (Fig. 3B ). These results demonstrate that sphere-forming ability is dependent on varied conditions, such as cell type and therapeutic agent treatment.
Expression of ABCG2 and JNK signaling molecules are downregulated in Huh7 and Huh-BAT cells following sorafenib treatment.
The expression of ABCG2, which is associated with drug-resistance, and JNK signaling molecules, including JNK, P-SAPK/JNK, c-Jun, and P-c-Jun, in Huh7 and Huh-BAT cells subsequent to 5-FU and sorafenib treatments was examined.
The expression of ABCG2 and JNK signaling molecules (JNK, P-SAPK/JNK, c-Jun and P-c-Jun) was downregulated by sorafenib treatment and sorafenib plus 5-FU treatment in the Huh-7 ( Fig. 4A ) and Huh-BAT cells (Fig. 4B) .
Discussion
The present study hypothesized that sorafenib induced anticancer effects on cancer stem cells by blocking ABCG2 transporters and JNK signaling. It was further assessed whether the anticancer effects of sorafenib were fortified when combined with conventionally administered anticancer therapeutic agents, such as 5-FU. In the current study, sorafenib decreased the SP fraction, while 5-FU increased the SP fraction in two HCC cell lines. A combination treatment of 5-FU plus sorafenib further decreased the sphere-forming efficacy of Huh-BAT cells when compared with sorafenib or 5-FU treatment alone. In addition, the expression of ABCG2 and JNK signaling molecules was identified to be downregulated by sorafenib or 5-FU plus sorafenib treatment. These results indicate that sorafenib induces anticancer effects in SP cells via the inhibition of JNK signaling and ABCG2 transporters. Although synergistic anticancer effects on tumor growth rates following treatment with sorafenib plus 5-FU in HCC cells were not observed, the results indicate that sorafenib treatment may provide a novel therapeutic strategy for inducing anticancer effects in cancer stem cells. According to the cancer stem cell hypothesis, initiation, aggressive progression, recurrence, metastasis and drug resistance are unique properties implicit in cancer stem cells. Thus, targeting cancer stem cells may present important clinical implications for the effective treatment of HCC. Current strategies are focused on targeting rapidly proliferating cancer cells, rather than cancer stem cells. Treatments may initially appear to be successful, however often fail to provide a long-lasting cure for the disease. This may be due to the heterogeneity of certain types of cancer, which contain different cell lines with varying sensitivities, or due to failing to eradicate the cancer stem cell population, leading to disease recurrence and tumor progression (22) .
The current study indicates that, although sorafenib monotherapy is effective, the patterns of response vary between the SP and non-SP cell lines. This result may demonstrate the superior efficacy of sorafenib for treating advanced HCC in the clinical setting, as it effectively kills cancer stem cells. Lee et al (23) reported that treatment using sorafenib plus radiation inhibits growth by targeting cancer stem cells in breast cancer. Furthermore, Carra et al (24) reported that sorafenib induces cell death by targeting glioblastoma stem cells in human glioblastoma.
In conclusion, sorafenib and conventionally-used anticancer therapeutic agents inhibit cancer cell growth. However, treatment with sorafenib alone decreased cancer stem cell numbers, their sphere-forming efficacy, expression of ABCG2, and JNK signaling, all of which are involved in drug resistance. These results indicate that sorafenib is effective as an anticancer therapeutic agent against HCC cancer stem cells and affects the signaling pathways involved in drug resistance.
